INTRODUCTION
In recent years a number of studies have been devoted to the sintering behavior of rutile. The investigations were concerned with experiments on single crystals in which the growth of a neck between two spheres or between a sphere and a plate is observed, and on polycrystalline samples in which the change in linear dimensions of a powdered compact is followed. Sintering in the single crystal experiments was interpreted in terms of three different transport processes, plastic flow 1, volume diffusion 2 and evaporation condensation 3. The early data on powder compacts were correlated with semi-empirical equations for a volume diffusion process 4'5. A more recent and more complete study indicated that shrinkage in a powder compact follows grain boundary diffusion kinetics after a short initial period in which volume diffusion controls 6.
In the two detailed experiments with single crystal rutile the experimental conditions were similar. Yet not only are the sintering data qualitatively different as to suggest different mechanisms but the quantitative aspect, i.e., the times to produce an equivalent neck size, differ by an order of magnitude. For instance, in one study ~ it was found that 1 mm rutile spheres (Linde), fired in air, developed a neck of 0.15 mm diameter in 650 minutes at 1200°C, while 15 minutes were required for the formation of a neck of similar size at 1150°C in reducing atmosphere composed of hydrogen and steam (Po2 = 10-14). On the other hand, in the second study 2, it was found that 2 x 104 minutes were required to form a neck of 0.15 mm diameter on vacuum-reduced samples (Po2 = 10-7) at 1200°C for similar spheres. The reason for this discordant behavior has not been explained.
The only significant difference between these studies is the method by which the reduced futile was prepared or pretreated. Previously, it was suggested T that the defect species present in nonstoichiometric rutile depended on the method of reduction. Recently the evidence available was reviewed 8 and it was concluded that the interstitial cations form at total pressures < 10 Torr and in low 02 atmosphere (CO/CO2 mixtures) while anionic vacancies predominate in H 2 at all pressures and at 02 pressures > 10 Torr. Data were also presented to show that the rate of the anatase to rutile phase transformation depends very much on the defect species present.
The purpose of this communication is to reconcile the different data on the sintering behavior of rutile and to present new results on the initial period of sintering.
EXPERIMENTAL SYSTEM
The chemical composition of the single crystal rutile, the preparation of the microspheres, the equipment used for recording the increase in neck width as a function of time, and the procedure followed for obtaining and treating the experimental data have been discussed in detail previously 1. The spheres of 1 mm diameter were obtained from a commercial source (Linde), while spheres of other diameters were prepared from boules of Verneuil grown rutile.
The spheres were mounted in a groove of a Pt resistance heater wire and set directly in the field of an optical microscope. A filar stage in the microscope eyepiece permitted measurement of changes in neck size as a function of time at sintering temperatures. A stream of air or mixtures ofH20 + H 2 was slowly passed through the hot stage during sintering measurements.
RESULTS
The rates of neck growth in air appear in Fig. 1 for 1100°C to 1350°C, where x/a represents the ratio of the neck diameter to sphere diameter. Figure 2 shows similar data in an atmosphere of Prh/PH2o = 10 for 900 ° to 1150°C. The rutile phase is a stable phase under these conditions. Indeed, X-ray analysis disclosed only a tetragonal phase while the weight change between air-fired and reduced material was found smaller than that required to convert stoichiometric ruffle lio the titanium oxide phase with the next highest oxygen content.
The curves in Fig. 1 and Fig. 2 show that there are two rate periods. At x/a ~-0.8 the reciprocal slope of the sintering curve changes from a value of 7 to the value of 2. The latter value was reported earlier 1. The time at which the change in slope occurs is seen to be dependent on temperature. Activation energies were calculated for each rate oeriod and for both atmospheres by utilizing the times to produce a comparable increase in neck size during each sintering period. The value of all four energies is 68 + 5 kcal/mole. Spheres with diameters other than 1 mm to n = 2. We suggest that this change in exponent is connected with the development of fiat surfaces in the region of the neck. Previously, a change in exponent during the sintering of A1203 spheres in dry H2 was reported 1°, and the change in exponent from n = 5 (volume diffusion) to n = 3 coincided with the appearance of facets on the spheres. Although showed qualitatively the same sintering behavior. However, no firm quantitative relationship between size and sintering rate could be established because the spheres with diameters other than 1.0 mm lacked good surface finish and sphericity. No change in center-to-center distance between unsintered and sintered pairs of spheres was detected. During the course of the sintering, facets formed on the sphere surfaces. The morphology of these facets depended on the atmosphere. The facets. formed in a low oxygen atmosphere (Fig. 3) had a very smooth appearance. Those developed in the H2+H20 atmosphere were at first (Fig. 4) composed of a band of minute striations around the diameter. Subsequently these striations became smoothed and the facets covered the entire sphere (Fig. 5) . The time for the appearance of the facets was strongly dependent on the temperature and atmosphere. Spheres extensively covered with facets showed no observable loss of weight (< 0.25~). Mater. Sci. Eno., 1 (1966) 177-182 it was judgeo that these facets were formed by evaporation, volume diffusion was considered to be the transport process responsible for sintering during both rate periods. In the present research, although no facets could be detected at the time at which the sintering rate changed, the times for the development of the facets and that for the rate change were similarly dependent on temperature and atmosphere. In addition, the activation energy for both rate periods was similar, 68 kcal/mole. These facts are taken as suggesting that surface diffusion was the preponderant transport mechanism for sintering throughout the present experiments. If this conclusion is accepted the value of n=2 should not be taken as an indication that plastic flow is the preponderant transport process, as the formal theory would require s and as it was previously proposed 1.
Some information concerning this diffusion process observed in this study can be obtained from the dependence of sintering kinetics on atmosphere and temperature. If the migration of oxygen ions via vacancies is rate-controlling then the time to achieve a similar neck geometry should be shorter in the reducing atmosphere since this atmosphere produces a larger number of anion vacancies. Table 1 shows that at the temperatures where a comparison is possible the sintering times in the reducing atmosphere are about 40 times faster.
For equilibrium between the gas and solid the relative number of unassociated anion vacancies in pure rutile (~ Po~ ~) is calculated to be 250 to 350 times greater for the reducing atmosphere. Any degree of association between vacancies would cause a large dependence. The major factor for this disagreement between the experimental and theoretical sintering rate increases is the presence of a small amount of aluminum in Linde rutile. This aluminum produces anion vacancies the number of which is not related to oxygen pressure.
There are no data on surface diffusion coefficients of oxygen on rutile. Indeed, surface diffusion processes are generally poorly understood for all materials. It is known that oxygen volume diffusion in rutile has an activation energy of 60 kcal/mole ~ 1, a value not too different from the 68 + 5 kcal/mole of this study. The similarity may be coincidental, but an analogous relation of activation energies exists for copper diffusion. Surface self-diffusion of copper has been reported with activation energies of 55 kcal/mole (from sintering) and 49 kcal/mole (from thermal grooving) while volume self-diffusion has an activation energy of 46 kcal/mole 12.
In the initial sintering period the experimental results can be fitted by a sintering rate expression It should also be remarked that mass transport by an evaporation condensation mechanism is unlikely. The results do not yield the appropriate rate exponent. The vaporization energy of futile 13 is about 70 kcal/mole larger than the observed activation energy, and the vapor pressure at 1800°K, calculated from the free energy functions for gaseous t3 and solid rutile 14, is six orders of magnitude lower than that required to give the sintering rates observed at 1350°C.
In previous experiments on an apparently similar system and employing similar techniques, a sintering rate much slower than that observed in the present investigation was reported 2. The experimental evidence favored a transport process based on volume diffusion. If, as discussed earlier, these experiments were performed on a material which contained interstitial titanium ions, one would expect that the number of anion vacancies available for diffusion would be strongly decreased. The presence of interstitials might also be expected to alter the crystal surface and possibly prevent surface migration. If the rate-limiting step in the volume diffusion process were the migration of oxygen ions as suggested, the presence of titanium on interstitial lattice sites would be expected to make the transfer of oxygen more difficult. This is consistent with the known fact that the activation energy for sintering controlled by volume diffusion of oxygen (74 kcal/ mole) 2 is larger than that for the volume selfdiffusion of oxygen (60 kcal/mole) 12.
CONCLUSIONS
The sintering of single crystal rutile spheres is a diffusion-controlled process. The nature of the defect structure determines whether surface diffusion or volume diffusion is the preponderant transport process. In air or wet H2 atmospheres, where the predominant defects are anion vacancies, sintering proceeds by surface diffusion. The appearance of facets is found to have a pronounced effect on the sintering rate.
